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Introduction
Crystallisations of active pharmaceutical ingredients (APIs) particularly those that possess multiple polymorphic forms are amongst the most critical, yet least understood pharmaceutical processes.
Statistically, about 85% of APIs exhibit polymorphism and 50% have multiple polymorphic forms [1] . The polymorphs of a crystal can exhibit a variety of structures, which have different inter-and intra-molecular interactions. Thus, they have different free energies and consequently different physico-chemical properties and mechanical behaviours [2] . These have an impact on downstream process operations, such as isolation, filtering and drying, and can affect the therapeutic properties of the final product. For this reason, an extensive characterisation of all known solid forms of the API is necessary in order to understand and differentiate them properly. Solid state characterisation has become an integral part of the drug development process and its importance has been recognised from scientific as well as regulatory concerns. It has been used to provide information about the therapeutic properties of the polymorphs of a drug substance such as their bioavailability, rate of dissolution and stability. It also has been used to assess the success of the crystallisation control approach in producing certain polymorphs [3, 4] . In addition, the obtained knowledge on the solid state properties of the API could assist in generating a valuable protection of intellectual property e.g. through a patent [2] .
Thermal analysis is one of the established solid state characterization techniques. Its application to characterise pharmaceutical products has been extensively reviewed in the literature [5] [6] [7] [8] [9] . One of the most widely used thermal analysis techniques for the investigation of polymorphism is differential scanning calorimetry (DSC). The technique basically involves the application of a heating/cooling signal to a sample and the subsequent measurement of the temperature and enthalpy changes associated with thermal events such as melting and polymorphic transformation [10] . The popularity of DSC is due to its simplicity and rapidity of measurement, requirement for a small sample size and ability to provide detailed information about the physical and energetic properties of a sample [11] .
Another thermal analysis technique for the investigation of polymorphism is hot-stage microscopy (HSM). The technique combines microscopy and thermal analysis, and allows visual observation of the behaviour of a sample through a microscope during heating or cooling [12] . This visual technique easily distinguishes a polymorphic transformation from the melting process [13] ; hence HSM is very useful to provide information for the confirmation of the thermal events that are observed using other techniques. Some examples of the application of HSM in the thermal analysis of pharmaceuticals have been comprehensively presented by Vitez and Newman [14] . Recent technological advances have expanded the capabilities of the visual techniques, for example with the use of software, which not only captures the image, but also performs an image analysis, for example by computing the total light intensity. The latter may be calculated as the sum or average of the grey levels in all pixel (pixel value ranges from black = 0 to white = 255). As the image becomes brighter, the light intensity value becomes higher. The application of image analysis to evaluate HSM results is very attractive because of its ability to translate visual effects, which other techniques may not be able to provide, into quantitative information. The introduction of an alternative way of presenting HSM results may broaden the application of HSM since it is conventionally used to confirm results of other thermal analysis techniques only. Some visual techniques, including optical microscopy, non-invasive video imaging systems and Lasentec's inprocess video microscopy, have successfully utilized image analysis in the investigation of the dynamics of product quality, such as size and shape of particulates in real-time and in situ [15] [16] [17] .
However, based on authors' knowledge, the use of image analysis to evaluate HSM results has never been reported.
Although solid state properties of different polymorphs of a compound may be different, very often, they are only marginally different. For this reason, it is essential to differentiate them using a variety of characterisation techniques to avoid making erroneous conclusions. In addition, the interpretation of an individual characterisation technique always requires support from other techniques. A reliable combined technique that can quickly differentiate between different polymorphs and determine if a solid contains a pure polymorph or a mixture of polymorphs would be preferable.
Combined or coupled thermal analysis techniques were found to provide quicker ways for interpretation of polymorphic phenomena, while at the same time, the sensitivity, the reliability and the robustness of the results remain of high quality [18, 19] . This is illustrated by a coupling of DSC and HSM, which have proved to be very successful in the study of phase diagrams and polymorphic transformation [20] [21] [22] [23] . Based on their works, visual observation through HSM was found to be a more sensitive indicator of phase changes than the DSC measurements alone; the changes happening on the surface of the crystals could clearly be seen using HSM even when the DSC showed no thermal event [21] .
Sulfathiazole has been chosen as the model system in this study. At present, it has five known polymorphs that are well characterised and clearly described in the literature [24] [25] [26] . Although the polymorphism of sulfathiazole has been extensively and repeatedly investigated by various researchers [27] [28] [29] [30] , it remains difficult to produce a pure polymorph; most of the time, the desired polymorph contains impurities from at least one other form [31] [32] [33] [34] .
In this paper, examples are presented of complementary application of DSC and HSM with image analysis in the investigation of sulfathiazole polymorphism. The image analysis tool used in this work allows the selection of regions of interest and restricts image analysis to each selected region only. The aim of this work is two-fold: (i) to give a contribution to the methods of investigating polymorphism through a combined approach of DSC-HSM with image analysis, and (ii) to gain more understanding on the polymorphism of sulfathiazole.
Methods and Materials

Materials.
Sulfathiazole was purchased from Sigma-Aldrich with a purity of 98%. The solvents used are deionised water, 1-propanol, acetone and chloroform. Except water, all other solvents were analytical reagent grade purchased from Fisher Scientific.
Crystallisation of the polymorphs.
Different polymorphs were generated using methods available in the literature [28, 32] as shown in Table 1 . It is known that there are some inconsistencies in the enumeration of the sulfathiazole polymorphs in the literature [24, 35] . In this work, the enumeration of the polymorphs follows the convention proposed by Anwar and Chan and their co-researchers [25, 28] . In order to further clarify the identity of the polymorphs, the Cambridge Structural Database (CSD) reference codes are quoted in the bracket. Polymorph to be produced Procedure 1 I (SUTHAZ01) Heating 0.5g of sulfathiazole in 50 ml of 1-propanol in a flask on a hot plate to dissolution, followed by natural cooling at 25°C.
II (SUTHAZ05)
Rapid cooling of a saturated aqueous solution of sulfathiazole at 60°C (0.5g in 100 ml water) from 80°C to 4°C at a set rate of 10°C min -1 in a crystalliser.
III (SUTHAZ05)
Slow cooling of a saturated aqueous solution of sulfathiazole (0.5g in 100 ml water) at a rate of 0.1°C min -1 from 80°C to 20°C in a crystalliser.
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IV (SUTHAZ) Natural cooling to 20°C a saturated solution of sulfathiazole in a 50:50 mixture of acetone: chloroform at 50°C (1.3g in 100 ml).
V (SUTHAZ04)
Boiling to evaporate a saturated aqueous solution of sulfathiazole at 60°C (0.8g in 50 ml water) in a beaker on a hot plate until almost dry.
All of the crystallised solids were vacuum filtered and subsequently, those crystals obtained from water, were immediately dried in a hot air oven at 105°C for 15 minutes, whereas crystals obtained from other solvents were dried in a desiccator.
Thermal analysis of polymorphs.
DSC -The thermal behaviour of the polymorphs was examined using a TA Instruments DSC Q10.
About 8 mg of sample was weigh into an aluminium pan and sealed hermetically. Analysis was carried out by heating the sample from 100 to 240°C at heating rates of 2, 10 and 20°C min -1 under constant purging of nitrogen at 40 mL min -1 . An empty aluminium pan was used as a reference in all the runs. Results were analysed using TA Instruments Universal Analysis 2000.
HSM -The thermal behaviour of the polymorphs was visually examined using a Mettler Toledo FP90 hot-stage system and a Leica DMLM microscope from 100 to 250°C at a heating rate of 10°C min -1 . Microscopic observations during experiments were displayed on a computer screen and recorded using a JVC colour video camera. 
Results and Discussion
Crystals obtained by method 1.
The DSC thermograms of the crystals obtained by method 1 at various heating rates are presented in Figure 2 . The onset of the first peak was observed between 121˚C to 131˚C, with the peak maxima increased from 124˚C to 136˚C, with increasing heating rates. The shifting of the onset of the peak and the peak maximum to higher temperatures as the heating rate increases is due to the effect of "thermal lag" within the system. The effect comes about as the result of the thermal lag between the DSC's furnace and the bottom of the sample pan, and/or the lag between the bottom of the sample pan and the sample, and/or the lag throughout the sample [36] . Therefore, although the use of a higher heating rate will reduce the experimental time, the thermal lag may affect the accuracy of the results. It can also be observed from Figure 2 that the baseline of the curves is increasingly offset with an increase in the heating rate. The height and width of the peak are also increased, which consequently increased the detection limit, but reduced the resolution as demonstrated by the appearance of an unresolved peak for the run at a heating rate of 20˚C min -1 , whereas for the run at a heating rate of 2˚C min -1 , the peak is undetected. In order to compromise with all these effects, a heating rate of 10˚C min -1 was chosen for the subsequent thermal analysis experiments. Figure 2 . DSC thermograms of sulfathiazole crystals obtained by method 1 at various heating rates. Figure 3 shows the DSC thermogram and the HSM light intensity of the crystals, while Figure 4 shows the snapshots of selected crystals during HSM analysis. Both experiments, DSC and HSM, were conducted at a heating rate of 10˚C min -1 . Based on the DSC thermogram in Figure 3 , it can be seen that there are three major peaks. The peak with a maximum at 203.2˚C corresponds to the melting peak of form I, while the peak at a maximum of 197.9˚C corresponds to the melting peak of form II. Form I and form II are enantiotropically related, in which form I is stable from its melting point of 202˚C down to 116.5˚C, while form II is a stable form below 116.5˚C [37] . Some crystals of form I may have transformed into form II at room temperature during storage and when they were heated in the DSC experiment, some of them transformed back into form I. The formation of the peak at the maximum of 130.5˚C may correspond to a polymorphic transformation from form II to form I. The thermal lag effect mentioned earlier may have contributed to the difference between the obtained transition temperature at 130.5˚C and that from the literature at 116.5˚C [37] . These events, which were implied by the results of the DSC analysis, were verified by the HSM analysis.
HSM shows no melting at the expected polymorphic transformation peak at 130.5˚C, but it shows an optical property change, as can be observed by the difference between the highlighted crystals in (a) and (b) in Figure 4 . The change reduced the brightness and thus the light intensity of the crystals as indicated in Figure 3 by the reduction in the HSM light intensity from 130.5˚C onwards. The same visual observation through a HSM had been reported in the case of lithium sulphate salt in which a transformation of one of its polymorphs to another was accompanied by a striking change in birefringence [38] . Melting of form II was indicated by a small increase in the value of the light intensity, while melting of form I was shown by the continuous increase in the value of the light intensity as all the crystals have melted. Figure 4 shows the melting of form II and form I in (c) and Figure 7 shows the snapshots of the crystals during HSM analysis. Based on Figure 6 , the DSC thermogram indicates the presence of three major endotherm peaks. The first peak at a maximum of 168.5˚C was not a melting peak as verified by the HSM analysis. The peak resulted from a change in the optical properties of the crystals, as shown by the difference in the appearance of the highlighted crystals between (a) and (b) in Figure 7 . The phenomenon was indicated by fluctuation in the HSM light intensity profile between 159.3˚C to a temperature slightly above 168.5˚C and it was probably due to a transformation of form III to form I, since the transformation was reported to occur in a temperature range of 150 to 170˚C [28] . The second peak at a maximum of 197.2˚C on the DSC thermogram corresponds to a melting peak of form II, whilst the third peak at a maximum of 202.5˚C corresponds to a melting peak of form I. The melting of form II and form I were verified by HSM analysis as shown in Figure 7 (d) and (e), respectively, and the subsequent increase in the HSM light intensity value at the corresponding melting temperatures in Figure 6 . The HSM analysis was able to detect melting of form III as shown in Figure 7 (c) and as indicated in Figure 6 by a small increase in the HSM light intensity value at 174.5˚C. This melting of form III was barely detected by the DSC. According to a report [29] , a single melting peak of form II at its melting temperature can only be obtained if the crystals were purely form II. If only the slightest amount of form I present, form I will crystallise during the melting process of form II [29] . This indicates that the crystals obtained are actually a mixture of form I, form II and form III. the value of temperatures to represent melting at inflection points shown by the HSM light intensity and the DSC heat flux peak maximum, the relative errors are very small, i.e. between 0.1 to 0.7%. 
Crystals obtained by method 3.
The obtained DSC thermogram and the HSM light intensity for the sulfathiazole crystals from method 3 are presented in Figure 9 . Three endotherm peaks were shown by the DSC thermogram.
The first peak had a maximum of 121˚C, the second at 162˚C and the third at 203.5˚C. The third peak corresponds to the melting peak of form I. The formation of the second peak is in agreement with the observation by previous researchers [28] , who deduced that form III transforms into form I in the temperature range of 150 to 170˚C without showing any melting (of form III at 175˚C). This However, the HSM analysis shows that form II crystals were not transformed to form I since no change in the light intensity profile was detected by the HSM at 121˚C; instead the HSM analysis shows the presence of a crystal that melted at the melting temperature of form II (197.5˚C), as shown by the highlighted region ROI 2 in Figure 10 (c) and indicated by a slight fluctuation of the HSM light intensity profile at that temperature in Figure 9 . The findings from both characterisation techniques, therefore, lead to the same conclusion that form II crystals were present in the sample.
Besides that, the HSM analysis result implies that form II exists as traces and it was only by chance that one of them appeared in the sample during analysis. This in turn signifies a setback of microscopy techniques in which the quality of their results is highly dependent on the quality of the sample due to the fact that only a small number of crystals appear in the interrogation window. The HSM light intensity profile of all crystals in the frame (ROI 1) presented in Figure 9 shows that the responses to the thermal events that occurred below 170˚C were slightly disturbed by noise caused by the slight movement of some of the crystals, which has been observed to occur during heating. It is reported that besides an optical property change, a polymorphic transformation may also result in a movement of crystals since the transformation events may be accompanied by a change in volume of the crystals [39] . This observation demonstrates a limitation of the HSM light intensity profile in that it can be very sensitive to noise due to crystal movements. on the frame (ROI 1), a crystal that melts at 199°C (ROI 2) and a crystal that melts at 203.5°C (ROI 3). As was expected, ROI 2 does not show any light intensity change at 121°C as detected by the DSC since the crystal should not undergo polymorphic transformation. Besides showing a sharp increase in the light intensity due to melting at 197.5°C, ROI 2 also shows a sharp increase in the light intensity at 170.8°C, which corresponds to a change in the crystal's optical property. This result implies that the change in optical property may not necessarily be due to the polymorphic transformation, but could also be due to a change in the surface property of the crystals due to the effect of increasing temperature. ROI 3, on the other hand, shows an increase in the light intensity profile at 165°C, which is 5.8°C lower than in ROI 2 but within the temperature range for transformation of form III to form I crystals (150-170°C) reported in the literature [28] . It is therefore possible that the sharp increase in the HSM light intensity for ROI 2 and ROI 3 at 170.8°C and 165°C, respectively, was caused by two different events. ROI 3 also shows a change in the HSM light intensity due to melting at 203.5°C, but the change shows a sharp decrease instead of a sharp increase. This peculiarity may be due to the presence of shadow, which darkens the selected region. However in this case, only the change of the profile is of interest; the direction of the change is not important. The profiles of ROI 2 and ROI 3 seemed to be smoother compared to the profile of ROI 1. These results demonstrate that the HSM light intensity profile is strongly affected by the ROI sample location; the effect of noise and disturbances to the profile could be minimised through The results of the DSC and HSM analyses of the sulfathiazole crystals obtained using method 4 are presented in Figure 12 . Some images of the crystals during HSM analysis are shown in Figure 13 .
The DSC thermogram indicates the presence of two endotherm peaks. The first peak maximum occurs at 142.5˚C whereas the second peak maximum occurs at 203˚C. The trend of the thermogram is in accordance with the results obtained by previous researchers [3, 28] , in which the first peak was said to be due to the transformation of form IV into form I, whereas the second peak indicated the melting of form I. The HSM analysis confirmed that the first peak was not a melting peak since no melting was observed between 100˚C and 149˚C, as indicated by the images of the crystals in Figure 13 (a) and (b). There was however a change in the crystals' optical property as clearly shown by the difference in brightness of the highlighted crystals between Figure 13 (a) and (b). The HSM light intensity profile presented in Figure 12 shows a decrease from 140˚C upwards until it stabilised above 150˚C. A slow decrease of light intensity value is shown from 180˚C until suddenly the value increased very fast, starting from a temperature that corresponds to the melting of form I. The result signifies the capability of the light intensity profile to identify the beginning of the melting event earlier, since it is very sensitive to the changes happening on the surface of the crystals. The HSM analysis was able to detect a crystal that melts at 175.1°C as shown by the highlighted crystal in Figure 13 (c). It was not detected by either the DSC analysis or the HSM light intensity profile computed from all crystals in the frame (ROI 1) presented in Figure 12 . Figure 14 shows the HSM light intensity profiles computed from three different ROIs: all crystals on the frame (ROI 1); a crystal that melts at 175.1°C (ROI 2), which is highlighted in Figure 13 (c) and a crystal that melts at 203°C (ROI 3), which is highlighted in Figure 13 
Conclusions
The crystallization of sulfathiazole polymorphs was investigated by a combined DSC-HSM with image analysis approach. The approach provides synergistic benefits of two characterisation techniques and the use of image analysis gives a unique insight into the thermal behaviour of the polymorphic system. The capability of the HSM image analysis to provide alternative and quantitative ways of presenting the HSM results has been demonstrated. Despite its sensitivity to noise, the light intensity profile obtained from HSM image analysis was found to be capable of describing thermal behaviour of individual crystals and its sensitivity to the changes happening on the surface of these crystals allowed verification of thermal events. The results of the experiments showed that, although the methods to produce pure polymorphs were used, most of the time sulfathiazole crystallized as mixtures of polymorphs.
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